A highly efficient 2.4 GHz rectenna is designed using a harmonic rejection bandpass filter. The rectenna is printed on Rogers Duroid 5880 substrate with εr=2.2 and a thickness of 1.6 mm. The rectenna consists of a microstrip antenna and high order harmonic rejection bandpass filter, microstrip lowpass filter, and Schottky barrier diode (HSMS2820 
Ⅰ. Introduction
Microwave power transmission is currently an active area of research and the rectenna is one of the most important devices for microwave power transmission. Rectennas can potentially be used in a number of different applications, ranging from ubiquitous sensors and power transmission from space to earth, to wireless computer mice and keyboards. The most important parameter of a rectenna is its RF-DC conversion efficiency. Much research has focused on determining highly efficient designs for rectennas.
In general, three methods are recognized for increasing the efficiency of the rectenna. The most important component is a rectifying diode. High conversion efficiency from RF to DC can be dominantly achieved by good rectifying diodes. A rectenna requires a small amount of energy, which means that the rectenna must use low forward voltage (threshold voltage) diodes. However, the selection of the most suitable diode to make a highly efficient rectenna system cannot be handled by RF designers. Design of a high gain antenna is another way to produce a highly efficient rectenna because it can receive and deliver RF power to the rectifying circuit. Various antennas, including dual-band [1] , circular sector [2] , and broadband [3] antennas have been introduced in previous literature for use in rectennas. The third approach is to block the re-radiation of signal. The received RF signal from the antenna is converted to DC by a rectifier but some harmonic signals are then generated from the rectifying diode. Therefore, a BPF or bandstop filter (BSF) with good performance is required to block these harmonic signals in the rectenna.
In this paper, a high order harmonic rejection microstrip BPF is introduced for a highly efficient rectenna design. The embedded BPF can suppress the 2 nd and 3 rd harmonics from the rectifying circuit, allowing the. proposed rectenna to achieve high conversion efficiency.
Ⅱ. Rectenna Design

2-1 Microstrip Antenna Design
In general, a rectenna consists of an antenna, a bandpass filter (BPF), a rectifying diode, a low-pass filter (LPF), and a resistive or capacitive load. We have designed a microstrip patch antenna to receive a RF signal at 2.4 GHz. The substrate is Rogers RT/Duroid 5880 with a thickness of 1.57 mm and a relative permittivity of 2.2 for all of our designs. The antenna has a length of 40.5 mm or 0.48 λ of square structure to resonate at 2.4 GHz. Its simulated and measured return losses are shown in Fig. 1 . The simulated return loss is -35 dB and the measured return loss is -14 dB.
2-2 Harmonic Rejection BPF Design
The microstrip BPF is designed by two microstrip ring resonators. The resonance frequency of BPF is defined by the length of ('B' in Fig. 3(b) ). It has -18 dB return loss and a pass band at 2.4 GHz. The different path lengths ('B' in Fig. 3(b) ) of the ring resonators make transmission zero points at 1.5 GHz and 3.2 GHz. The BPF has 2 nd and 3 rd harmonic rejection, which requires
proper design of the gap size. To increase performance of insertion loss at harmonic frequencies, we have to modulate the length and width of the BPF. Harmonic rejection of BPF can block re-radiation signal energy to the antenna. The simulated and measured S-parameter results are shown in Fig. 2 . Simulated insertion losses are -0.38, -7.9, and -11.1 dB at 2.4, 4.8, and 7.2 GHz and measured insertion losses are -0.5, -8.4, and -9.7 dB at 2.4, 4.8, and 7.2 GHz. Therefore, we can expect that the proposed BPF will efficiently reject the harmonic signals generated by the nonlinear rectifying diode.
2-3 Rectenna Design
The proposed rectenna is illustrated with dimension details in Figs. 3(a) , (b) and (c). It consists of the microstrip patch antenna, a BPF, matching stubs, a rectifying diode, an LPF, and a resistor. The two stubs are inserted between the BPF and the rectifying diode. In Fig. 3(b) , (A) is the input of the rectifier. A diode is connected to the ground plane by a via. A variable load resistance is located between the LPF and the ground plane. We used a Schottky barrier diode (HSMS 2820) for converting RF to DC. The diode is connected in parallel with the microstrip line and ground plane. Because of the diode's non-linearity, several harmonic signals are generated and re-radiated through the antenna. In order to block these signals, the harmonic rejection BPF is designed between the antenna and the diode.
Finally, the LPF can pass the converted DC signal and reject the fundamental and harmonic RF signals. The conversion efficiency is varied by the resistance value at the load. The optimum resistance is decided by the variable resistor.
Ⅲ. Rectenna Performance Before measuring the rectenna performances, the antenna's radiation pattern is first measured. Fig. 4 shows the simulated and measured radiation patterns at 2.4 GHz. The microstrip antenna has 5.4 dBi of peak gain at 2.4 GHz.
First, the performance of the rectifier is measured by removing the antenna. Fig. 5 plots the measured efficiency versus the received RF power for two cases: (BPF, diode, and LPF) and (diode and LPF). The conversion efficiency (η) is defined by:
where   and   are the output DC power at the load and the input RF power, respectively. In this test setup,   is the transmitted RF power at the rectifier. The measured maximum conversion efficiency is 72.17 % when the input power is 63.09 mW at 2.4 GHz and the load resistance is 932 Ω. The other case without BPF has a conversion efficiency of 54.76 % at 12.58 mW. This implies that the BPF successfully reduces re-radiation signals. Consequently, the conversion efficiency is increased more than 17 % by harmonic rejection BPF. Next, the rectenna performance is measured in free space. Its measurement setup is illustrated in Fig. 6 . A 2.4 GHz continuous wave (CW) signal is amplified and transmitted through a standard gain horn antenna. The distance between the transmitting horn antenna and the proposed rectenna is 29 cm. Fig. 7 shows the measured efficiency versus the power density at 2.4 GHz. The load resistance is 932 Ω.
When the transmitting RF power from the power amplifier is   and the horn antenna's gain is   , the received RF power (  ) is calculated by the Friis equation.
where   , and R are the receiving patch antenna's gain and wavelength, and the distance between the transmitting antenna and the rectenna, respectively.
Since   represents the effective area defined by:
the received power can be expressed as: .
Since the power density (  ) is defined by
the conversion efficiency can be modified as:
By changing the transmitted power from the signal generator, the DC power at the rectenna is measured and the efficiency is calculated by Eq. (2)～(6). We use the value 11 dBi for   , 5.4 and 10 dBi for   , 12.5 cm for    and 29 cm of R in the present measurement setup. Fig. 7 shows that the maximum conversion efficiency is 62.13 %.
Ⅳ. Conclusion
A highly efficient rectenna is proposed at 2. 
